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Abstract
The red palm weevil (RPW), Rhynchophorus ferrugineus (Coleoptera: Curculionidae),
is an important date palm tree insect pest in the United Arab Emirates (UAE) and the
world. It causes severe damage to the date palm tree in the UAE and the Gulf
Cooperation Council (GCC). This insect entered the UAE in 1986 and since then it has
been the most economic pest in the country. Larva is the damaging stage, which is
concealed inside the tree trunk; a factor that makes early detection very difficult.
Infested trees become weaker over time and can be easily broken by wind. Several
chemical insecticides are used to control the RPW; however, the pest is still causing
damage and spreading to new areas. Thus, insecticide resistance development in the
insect population needs to be evaluated. The main objectives of this thesis are : (1)
Screening RPW population for the activity of GST detoxifying enzyme , which play a
role in insecticide metabolic resistance, (2) Evaluating the gene expression of different
classes of RPW GST enzymes in the UAE (3) Genotyping RPW for the presence of
mutations conferring pyrethroid insecticide resistance. The project screened, for the
first time in the UAE, for insecticide resistance genes in the red palm weevil
population. To measure glutathione transferase activity 1-chloro-2,4-dinitrobenzene
(CDNB) was used as substrate. Protein concentrations were determined using the
Bradford method. GST specific activity is affected by tissues (muscle and brain),
developmental stages and gender. GST specific activity was higher in the brain than
in muscles, and the adult stage had the highest GST specific activity. In addition, there
was no significant difference between the male and female. Total RNA was extracted
using RNeasy Mini kit and quantitative real time polymerase chain reaction (RTqPCR) were performed. Different classes of the GST genes were expressed differently
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in the different tissues. Delta and epsilon classes of GST were highly expressed in the
gut compared to other GSTs classes. Reverse transcription polymerase chain
reaction (RT-PCR) amplified the knockdown resistance (kdr) gene mutation. All
samples had no mutations in domain II segment of voltage gate sodium channel. The
study provided, for the first time in the world, the sequences of six GST coding
sequence (cds) of the red palm weevil. In addition, it provided the sequence of the
sodium channel coding sequence (cds) and a primer pair amplifying the regions of nine
mutations including the kdr and super-kdr. This study is performed for the first time
in the UAE on insecticide resistance genes in the RPW population. In addition, this
study amplified gene expression of GSTs classes in RPW in the UAE for the first time.
A further investigation is needed to study GST induction in RPW, genotyping of
different classes of GSTs and a larger scale study in detecting the knockdown
resistance gene mutations in the other location in the UAE.

Keywords: Insecticide resistance, GST specific activity, Knockdown resistance (kdr),
Rhynchophorus ferrugineus, RT-PCR.
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)Title and Abstract (in Arabic

انزيم  GSTازالة السموم وتقييم مقاومة مبيدات البيريثرويد في سوسة النخيل الحمراء
في دولة االمارات العربية المتحدة
الملخص

سوسة النخيل الحمراء )Rhynchophorus ferrugineus (Coleoptera: Curculionidae
 ،هي أهم آفات حشرات شجرة النخيل في دولة اإلمارات العربية المتحدة والعالم .تسبب أضرارا
بالغة ألهم شجرة في دولة اإلمارات العربية المتحدة ومجلس التعاون الخليجي .دخلت هذه الحشرة
دولة اإلمارات العربية المتحدة في عام  1986ومنذ ذلك الحين كانت أكثر اآلفات االقتصادية في
البالد .اليرقة هي المرحلة المدمرة ألنها تكون مختبأة في داخل الشجرة .مما يجعل االكتشاف
المبكر صعبا للغاية .تصبح األشجار المصابة أضعف بمرور الوقت وتكسرها الرياح بسهولة.
تستخدم العديد من المبيدات الحشرية الكيميائية للسيطرة على سوسة النخيل الحمراء ؛ ومع ذلك ،
ال تزال اآلفة تسبب أضرار ا وانتشرت إلى مناطق جديدة .وبالتالي  ،يجب تقييم تطور مقاومة
الحشرات في عدد اكبر عدد منها .األهداف الرئيسية لهذه األطروحة  .1 :فحص أفراد سوسة
النخيل الحمراء لوجود انزيم  GSTإلزالة السموم  ،والتي تلعب دورا في مقاومة المبيدات
الحشرية .2.تقييم التعبير الجيني لفئات مختلفة من انزيم  GSTفي سوسة النخيل الحمراء في دولة
االمارات العربية المتحدة .3 .التنميط الجيني لسوسة النخيل لوجود طفرات تمنح مقاومة للحشرات
ضد المبيدات البيرثرويدية .يعتبر المشروع االول من نوعه في دولة االمارات العربية المتحدة.
لقياس نشاط  GSTتم استخدام  CDNBكمادة متفاعلة في انسجة العضالت و الدماغ و في مراحل
النمو المختلفة و الجنس ..يتأثر نشاط  GSTباختالف االالنسجة فقد ظهر بان نشاط  GSTفي
الدماغ اكثر منه في العضالت .وقد تبين ان الحشرات البالغة تمتلك نشاط اكبر لهذا النزيم من بقية
المراحل النموية كالبي ض و الطور النتقائي .كما تبين انه ال يوجد فرق كبير بين الذكور و االناث
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في نشاط االنزيم .استخلص  RNAباستخدام  RNeasy Mini kitوتم قياس التعبير الجيني
الكمي باستخدام تقنية النسخ العكسي لتفاعل البلمرة التسلسلي ( .)RT-PCRالمجموعات المختلفة
من جين  GSTيعبر عنهن جينيا بشكل مختلف في مختلف االنسجة في جسم الحشرة .اظهرت
النتائج وجود مجموعة الدلتا و االيبسلون بكمية كبيرة في الدهون و العضالت و الدماغ و الجهاز
الهضمي و لكن تم التعبير عنه بكثرة في القناة الهضمية  .تم قياس وجود الطفرة الجينية
) knockdown resistance (kdrالمسسوؤلة عن المقاومة ضد المبيدات البيرثرودية باستخدام
تقنية النسخ العكسي لتفاعل البلمرة التسلسلي الكمي ( .(RT-qPCRبعد التحليل ظهر عدم وجود
هذه الطفرة في سوسة النخيل في دولة االمارات العربية المتحدة للعينات التي استخدمت في هذه
الدراسة .تم إجراء هذه الدراسة ألول مرة في دولة اإلمارات العربية المتحدة على جينات مقاومة
الحشرات لدى حشرات سوسة النخيل الحمراء .باإلضافة إلى ذلك  ،اظهرت هذه الدراسة التعبير
الجيني لفئات  GSTفي حشرات سوسة النخيل في اإلمارات العربية المتحدة ألول مرة .هناك
حاجة إلى إجراء مزيد من الدراسة لدراسة تحريض  GSTفي افراد حشرات سوسة النخيل ،
التنميط الجيني لفئات مختلفة من  GSTsودراسة واسعة النطاق في الكشف عن طفرات الجين
المقاومة  kdrفي اإلمارات األخرى في الدولة.
مفاهيم البحث الرئيسية :االنزيم  ،التعبير الجيني  ،الطفرة الجينية  ،تفاعل سلسلة البلمرة ،سوسة
النخيل الحمراء  ،مقاومة المبيدات.
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Chapter 1: Introduction
1.1 Overview
The red palm weevil (RPW), Rhynchophorus ferrugineus, is an economically
important pest that damages tens of date palm species around the world. This insect
entered the UAE in 1985 and since then it has been the most economic pest in the
country. Date palms are an important part of the religious, cultural, and economic
heritage of the Arabian countries.
1.2 Statement of the Problem
Insecticides have been used in the UAE for many years on the red RPW;
therefore, some RPW may have developed resistance against the most commonly and
heavily used insecticides in the UAE. Studying and evaluating insecticide resistance
could help to manage and reduce the risk of RPW. In addition, evaluation of insecticide
resistance in RPW in UAE will reduce the environmental pollution that is caused by
using intensive insecticide applications.
1.3 Relevant Literature
1.3.1 Rhynchophours ferrugineus
Red palm weevil (RPW), Rhynchophorus ferrugineus, is an insect that is a
dangerous economical pest of a wide genera of palms, which has a worldwide
distribution.R. ferrugineus is a large insect usually 25 mm long (Murphy & Briscoe,
1999). RPW belongs to Coleoptera: Curculionidae family (Abe et al., 2010; ElMergawy et al., 2011). Coleopteran (order Coleoptera), insect order Coleoptera
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consists of beetles and weevils (Antony et al., 2016). It is the largest order of insects
and represent about 40 percent of known insect species. Over 360,000 species of
Coleoptera are most distinct insects, some of which also have attractive metallic
colors, showy patterns, or striking form. Beetles can usually be recognized by their
two pairs of wings; the front pair (elytra) act as a cover that hides the back pair and
most of the abdomen and usually meet down the back in a straight (Judson Linsley
Gressitt, 2016). RPW is one of the most damaging pest of various palm species
(Giblin-Davis et al., 2001; El-Mergawy et al., 2011). It spends its life cycle inside the
trunk without visible signs (Environment & Affairs, 2003) (Figure 1) ( Mizzi et al.,
2009).

Figure 1: Rhynchophorus ferrugineus

The RPW is commonly known as the Asian palm weevil or Indian palm weevil.
It is known to attack over 20 species of palm worldwide (Yin et al., 2015), including
coconut palm, sago palm, oil palm and date palm and a variety of ornamental palms
(Murphy & Briscoe, 1999). The weevil attacks palms that are less than 20 years old
because they are characteristically young and soft. RPW is now known from all the
continents of the world and is a key pest of coconut in South and South-East Asia, date
palm in the Middle East and P. canariensis in Europe (Giblin-davis et al., 2013).

3
1.3.2 R. ferrugineus Life Cycle
R. ferrugineus life cycle begins with an egg that hatches into a larva then
pupa and finally to the adult stage (Figure 2). Palm trees support the growth and
development of all these four stages as listed below.
The female weevil lays about 300 creamy white eggs in cracks and crevices
on the palm trunk (Faleiro, 2006a). In a previous study done in Malaysia it was found
that the female could lay about 342.3±0.97 eggs on average (ranged from 270 to 396)
(Azmi et al., 2017). The females deposit eggs in separate holes they produced while
searching for food or injuries on the palm or take advantage of the cracks or wounds
in a recently cut palm. The eggshell forms a barrier to protect the egg and the embryo
from possible disadvantageous environmental influences like desiccation, water loss,
bacterial infection and physical destruction. On the other hand, the eggshell enables
gas exchange and maintenance of proper humidity. These diverse functions are usually
performed by distinct and structurally specified regions of the eggshell. The harvested
eggs of R. ferrugineus are ovo-cylindrical shaped, averaged 1.09 mm in length and
0.43 mm in width. Changes in the appearance and shape of R. ferrugineus eggs as well
as the incidence of embryonic development are observed (Al-Dosary et al., 2010).
RPW larvae undergo seven to eight larval instar stages. Most of the larvae
undergo up to the seventh instar stages throughout the observation process. However
some of the larvae manage to develop until the eighth instar stage, but more than half
of the larvae has been turned into a cocoon inside the sugar cane blocks (Harris et al.,
2015). A complete larva has a yellowish-white body and a reddish-brown head with
strong mandibles, which helps to bore the palm trunks. While the larvae feed, they
produce chewed up plant fibers, which are mixed with the plant sap that fills the
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tunnels made by the larvae. Some infested palm cavities are formed by the feeding
larvae, making the tree very weak. A larva forms a cocoon about 35 mm long and 15
mm wide when it is fully grown (Faleiro et al., 2003). The digestive tract is the most
important organ for insect for supplying the nutrients needed for the growth and to
carry out daily activities. The alimentary system of insect can be divided into three
parts: the foregut, midgut and hindgut, however, different structures can be observed
among species due to the differences in dietary habits. The most destructive stage of
this insect toward the palm tree is the larval stage (Aljabr et al., 2004; Harris et al.,
2015).
The pupal case is 50-95 x 25-40 mm and the pre-pupal stage is about 3 days
and pupal period is 12-20 days. The pupae are creamy coloured, then brown, with
shiny surface, greatly furrowed and reticulated; average size 35 mm x 15 mm. Upon
completion of larval development, the larva will sometimes emerge from the trunk of
the palm tree and build a pupal case of fiber extracted from the galleries inside the
palm. The larva will then undergo metamorphosis into an adult. The larva will also
weave a pupal case at the base of the palm fronds within the frond itself or at the center
of the base of the plant. The grubs pupate in elongate oval, cylindrical cocoons made
from fibrous strands. At the end of the pupation period which lasts 14 to 21 days, the
adult weevils emerge ( Giblin-davis et al., 1996).
The insect becomes an adult (imago) after 14-21 days in pupal stage (Faleiro,
2006a). Reddish brown, about 35 x 10 mm, with a long-curved rostrum; dark spots on
the upper side of thorax; head and rostrum comprising about one-third of total length.
In males, the dorsal apical half of rostrum covered by a patch of short brownish hairs;
in females, rostrum is bare, slenderer, curved and a little longer than in male. The adult
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is an excellent flier and is able to travel great distances. The adult weevil remains inside
the cocoon for 4-17 days (average 8 days). The weevil becomes sexually mature during
this period of inactivity. Adults live 2-3 months, irrespective of sex. In captivity, the
maximum life span of the adult was 76 days for the female and 113 days for the male.
It has been estimated that a single female may give rise to more than five million
weevils in four generations, within 14 months. In Egypt, it was reported that the weevil
has three generations per year, the shortest generation (first) of 100.5 days and the
longest (third) of 127.8 days. Thus, the life cycle is about 4 months (Mizzi et al., 2009).
Adult RPWs are very large beetles, attaining body lengths, including the rostrum of 35
to 40mm (1.4-1.6 inches). The weevils have a long, slender rostrum or “snout” which
the female uses to penetrate palm tissue and create access wounds in which eggs are
deposited. Coloration in R. ferrugineus is extremely variable and has historically led
to the erroneous classification of color-defined polymorphs (variants) as a distinct
species. Coloration in the adult weevils is predominately reddish-brown in the most
typical form. The RPW collected in Laguna Beach have displayed a distinct “red
striped” coloration which consists of the dorsal surfaces appearing uniformly dark
brown to black, with a single, contrasting red stripe running the length of the
pronotum. Consequently, there are two different color types or color morphs for RPW,
adults that are predominantly reddish in color, and the others that are dark with a red
streak, like the Laguna Beach specimens. The RPW, like other beetles, develops
through complete metamorphosis, with larvae and pupae developing within the trunk
and apical growth tissues of the palm meristem. Larvae are legless grubs with the body
color uniformly pale yellow with a brown head. Larvae may attain lengths greater than
50 mm (2 inches). Larvae feed within the soft tissues of the meristem or leaf bases,
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creating frass filled mines, enlarging and penetrating deep within the upper trunk areas
as the larvae mature. Mature larvae construct a pupal chamber or cocoon made up of
coarse palm fibers in which they pupate and occupy for approximately three to four
weeks. The cocoons are located within the damaged tissue of the palm (“CISR: Red
Palm Weevil,” n.d.) in (Figure 2) red palm weevil life cycle.

Figure 2: Red palm weevil life cycle
As mentioned, the RPW is a concealed pest boring tissue of the date palm while
completing all its life stages in the tree trunk. The indications of attack are hidden
within the trunk making early detection difficult. However, some symptoms can be
used to detect infestation in date palm. The symptoms include the occurrence of
channels on the date palm trunk and at the base of the leaf petiole. The tunnels are
made by the feeding larva as they move around the trunk. Another symptom is the
discharge of thick yellow or brown liquid from the channels. The liquid can also ooze
out in the form of bubbles. The appearance of fras consisting of inner tissues in and
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around the openings of the tunnels suggests infestation with the weevil. The fuss may
also form a small mound when it mixes with the yellow liquid. The liquid is gummy.
The fluid has a particular fermenting odor because of the decomposing material inside
the trunk. Dried offshoots also appear from on between the leaf bases. The larvae
produce gnawing sounds as they chew the tree trunk. The adults and cocoons will be
seen in the leaf axils. The empty pupal cases will also fall on the ground. A toppling
of the crown or the breaking of the stem indicates severe infestation.
1.3.3 How RPW lives in the Tree
Once they arrive at a palm, males and females typically seek protection from
water loss by burrowing down into the petiole bases in the crown region, into fleshy
wounds or into the junction between off-shoots and the mother stem in palms such as
the date palm. RPW females use small mandibles at the distal tip of the distended
rostrum to chew a hole into a suitable host tissue before laying the eggs (Giblin-davis
et al., 2013).
1.3.4 Geographic Distribution of RPW
RPW was first described as a harmful insect on the Indian coconut palm in
1906 and the date palm tree in 1917 (Al-Dosary et al., 2010). It was originally
distributed in the south Asian tropics (Abe et al., 2010).
The pest has a wide geographical distribution globally with an extensive host
range. The first encounter with the weevil in the UAE was at Rass-El-Khaimah in the
UAE in 1985. The weevil then reached Saudi Arabia in 1985 after which it spread to
other areas in Saudi Arabia. The weevil was recorded in Iran in 1990 and in Egypt in
1992 as shown in Table 1 (Faleiro, 2006b).
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The weevil was then recorded in Spain and Jordan in 1999 (Montagna et al.,
2015). The weevil has since then stretched to all the states in the Middle East affecting
5% of the palms grown in the region. The annual attack rate is reported at a rate of
1.9%. The weevil moved to Europe from North Africa, where the first infestation was
reported in Portugal, Spain, and the Canary Islands in 2009. The spread occurred as a
result of date palms imported from Egypt for landscaping purposes. The weevil attack
was later reported in Laguna Beach California in 2010 (FAO, 2017).

Table 1: Statistics indicate the dates of discovery of RPW in the Middle East.

Country

First Recorded

Area/Location Infested

Qatar

1985

UAE

1985

Rass El Khaimah

Saudi Arabia

1987

Katiff

Egypt

1992

Salheya, El-Tal El Keber

Doha

and El-Kassasin
Kuwait

1993

Throughout

Oman

1993

Buraimi, Mahadha,
Masandam Governorate
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1.3.5 Date Palm Tree
Palm trees are cultivated all over the world (Antony et al., 2016). The date palm
(Phoenix dactylifera L.) is a monocotyledonous woody perennial tree belonging to the
family Arecaceae (Murphy & Briscoe, 1999). FAO reports that over 109 million date
palm trees have been cultivated yielding over 4.2 million metric tonnes. The Middle
East accounts for 78.3% of the global date palm trees and 75% of oil production (AlShawaf et al., 2013).
The fruit is highly nutritious and rich as a source of sugar, minerals, and
vitamins. All the plant parts of the date palm tree have been integrated into traditional
or industrial applications. Date palms are propagated sexually via seeds and vegetative
via offshoots. Vegetative propagation method is limited by both the amount of
offshoots produced from a superior selected plant and the development of useful
offshoots from a single plant, which occurs only during the juvenile phase of the
palm’s life (El-Bahr et al., 2016). On an ecological level, this species survives the
drastic conditions of the desert when enough irrigation occurs (Khelil et al., 2016).
The date palm is an extremely important fruit crop in Middle Eastern.
countries, where the RPW poses a serious threat, causing heavy losses every year. The
date palm is an important part of the religious, cultural, and economic heritage of the
Arabian countries. It had infested over 10,000 farms across Arabia (Murphy &
Briscoe, 1999). In Saudi Arabia, a national campaign for control of RPW of infested
plants, injection and spraying of biochemical and chemical pesticide treatments in
strongly infested and newly infested areas, and the use of pheromone/ kairomone traps
for monitoring and reduction of RPW populations has been only partially successful
in controlling its spread (Mukhtar et al., 2011).

10
1.3.6 Economic Impacts of Date Palm
Approximately 23.5 million trees are planted in the kingdom of Saudi Arabia
(Aljabr et al., 2014). The highest production of the date is in Iraq and Saudi Arabia.
Saudi Arabia produced 570,000 tons of dates worth US$203 million, with exports
valued at over US$30 million in 1996 (Murphy & Briscoe, 1999).
The unique features of the crop and modern date palm cultivation in the Middle
East has offered RPW an ideal ecological niche to thrive. The factors have contributed
to the rapid multiplication of the weevil making it a critical pest of the date palm.
Additionally, the bulk and rapid transportation of date palm branches for planting has
increased the spread of RPW in a short span in the Middle Eastern region. The other
factors include detection of infested palms at later stages as a result of inadequate
surveillance, exclusion of date farmers, inappropriate evaluation of the risks, limited
natural predators of the weevil, difficulty in managing pheromone traps across
extensive farms, slack quarantine, inappropriate dumping of infected plants, and
challenges controlling the pest in smallholder farms.
The plant grows well in the arid climates where the crop has provided staple
carbohydrate for local people for over 5000 years. In the Middle Eastern region, the
crop is grown by smallholder farmers and large plantations while others grow in the
wild on steep hillsides. The weevil has caused losses in proportions of 10-25% in the
countries where date palm is grown. The losses and the nature of the climates in these
areas have led to numerous research studies conducted to devise environmentally
friendly strategies to control the weevil. As mentioned before, the hidden nature of the
weevil has made it complex to develop the methods.
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The annual losses are caused as a result of lost production and pest control
measures. According to FAO, around $8 million dollars are lost each year in the Gulf
countries and the Middle East through the removal of severely infested trees. The
organization further reports that €90 million was lost in 2013 in France, Spain, and
Italy in cumulative cost of managing pest infestation, suppression and replacement of
the infected palms. The cost is estimated to rise to €200 million by 2023 if suitable
control programs are not implemented. Besides, the attack on the palms affects the
oasis cultivation system where productive trees grow under the palms shades.
Increased attacks by the RPW could lead to the migration of oases communities to
urban areas.
1.3.7 Pest Management and Control
The insecticide used to control the weevils is expensive and an environmental
pollutant. Researchers have adopted integrated pest management approaches that
include prohibiting the movement of infested plants, use of pheromone traps to catch
and destroy adult weevil populations and tactical application of insecticide. The
integrated management programs are, however, labor intensive and expensive to
implement. There is an urgent call for innovative methods of management that utilize
advanced technologies to address the red weevil infestation. The potential of advanced
technology methods includes biological control aspects, genetic engineering and
biotechnology gene. More than one of the methods needs to be implemented to ensure
effective eradication of the weevil from the farms (Barzman et al., 2015).
The integrated pest management strategies (IPM) have been used to manage
RPW in India (Murphy & Briscoe, 1999). The major components of the IPM in weevil
control in coconut palm are inspected of the pest, plant and field sanitation, trapping
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adult RPW, proactive application of chemicals to infected plants, applying fungicide
and insecticide to the crown and bud. The program also consists of cutting and burning
of severely infected palms, cutting leaves to discourage the making of wounds, and
educating farmers about palm weevil management. Proof of the effectiveness of the
methods in containing the spread of the pest is evident in the Canary Islands and
Mauritania where the pest has been removed successfully. The Canary Islands were
declared free of the pest in May 2016 (Terry, 2017).
The program must, however, be modified to match the agroclimatic conditions
of the Middle East. The strategy continues to be refined over time to yield better
results. Surveillance involves detecting the presence of the weevil in the date palm.
Periodic surveys of the plants can allow one to detect infestations using the symptoms
mentioned above. Large areas of palm trees can be surveyed using pheromone traps as
monitors to enable the farmer to detect the presence of the weevil (Al-Dobai, 2017).
The farmer would then inform the necessary authority upon noticing the first instance
of the weevil so that measures to control the pest are taken at the earliest possible time.
Farmers are the first bet in efficient and cost-effective frontline defense. The farmers
can conduct regular surveillance and inspection of the trees to detect pests in their early
stages of the attack. Studies in the Saudi Arabian palm farms have indicated a 7% drop
in infestation over a year when weekly inspections are done (FAO, 2017).
Trapping the weevil utilizes particular and suitable attractants and destroying
the weevils once they are trapped. The attractant can be in the form of a chemical or
plant residue that attracts the male and female weevils. The traps can take the form of
metal traps with date palm petioles for the RPW control. Coconut logs have been
reported to be more effective than the metal traps. The coconut logs can be treated with
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coconut toddy, yeast and acetic acid, make the odour more superior to other food
combinations in trapping RPW (Azmi et al., 2017). The pheromone traps perform three
distinct objectives, monitor weevil activity and detect its presence, destroy weevil
population and assess the population level of the weevils. Trapping of the weevil by a
trap consecutively for two to three weeks shows the presence of infestations in the
particular area (Mannion, 2016). The pheromone traps are preferred. Farmers are also
advised to behead unproductive female and excess male palms. The stump left after
beheading the palms, however, serve as the weevil breeding site. Heaps of the cut plant
also serves to harbor the pest and require burning.
Date palms have the characteristic thick mat cover on the palm stem originating
from the leaf petiole and the offshoots. The conditions offer good protection for the
weevils to multiply. The pest goes unnoticed under such conditions requiring periodic
removal of old leaves and offshoots to help maintain a clean palm without hiding sites
for the weevil. Proper sanitation improves the efficiency of detecting the pest (Azmi
et al., 2017). Sanitation, however, requires that the plant refuse is removed from the
garden because they potentially harbor the pest or become future breeding sites.
Sanitation also entails cutting and burning severely infested palms that may harbor
different stages of weevil.
Preventive chemical treatments have also been recommended to treat wounds
caused on the palm because of the periodic removal of petioles and offshoots. The
freshly exposed parts attract weevils for egg laying. The exposed tissues emit volatiles
that attract the gravid female weevil (Azmi et al., 2017). The wounds should be dressed
or treated immediately with suitable insecticides to prevent pest injury. Curative
chemical control is used to control pest in infested palms. The insecticide used in this
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strategy is pyrethrin based and applied on the affected part of the palm. However,
carbaryl and trichlorfon have also been recommended. The affected plant has to be
cleaned to remove the hiding places.
The IPM approach has proved successful in controlling RPW in Mauritania.
The approach utilized in Mauritania was called the innovative participatory pest
control strategy and involved collaborative practices (Terry, 2017). The strategy
involved theoretical and practical training for local authorities, technical department
heads and farmers. The strategy focused on informing the stakeholders about the risks
posed by the weevil to the local and national economy as the first step to creating
awareness and willingness to act. The farmers were informed using social media as a
tool used to share facts about on the pest and harmonize and mobilize the resources.
The program resulted in success after one year of implementation with no further
reported spread. The strategy and observed success indicate that proactive
participation and commitment of farmers and their organizations are key to the
achievement of the action. Furthermore, systematic coordination of information and
resources, forecast and supervision among all the stakeholders can facilitate RPW in
the Middle East.
Proteomics have also emerged as one of the molecular methods used to detect
RPW infestation (Soroker et al., 2015). The method is based on the premise that plants
have adaptive defense responses to attacks by animals. The animals’ secretions also
elicit specific defensive responses in the plants to prevent further damage. Studies into
the molecular characteristics of normal and infected plants or tissues can provide
information about the genetic characteristics of infected plants and tissues, especially

15
in cases when detection is difficult such as red weevil infestation. The methods are
however under development and are yet to be used extensively (Rasool et al., 2015).
1.3.8 Red Palm Weevil in the UAE
The UAE’s goal is to be a major global producer of dates in the years to come.
RPW spread rapidly from Rass-El-Khaima to other areas infesting approximately 5–
6% of the palms in the region, which means a serious threat to young date plantations.
El-Sabea estimated the annual loss due to the removal of severely infested date palms
by RPW in the UAE to vary from $3 to 16 million. Food-baited pheromone traps have
been widely used to control and mass trap the RPW in several countries (Al-Saoud,
2015).
In 2008, UAE Minister of Environment and Water, urged all relevant
authorities and bodies in the country to join forces to implement plans to fight the
RPW. The minister and the officials from the Department of Municipalities and
Agriculture in Al Ain and the Department of Agricultural Research at the Ministry
discussed five-year plan to eliminate the pest and ways to encourage farmers to adopt
effective treatments of the pest as well as plans to further promote date marketing
policies up to the highest standards. As the larvae of palm red weevil hatch from eggs
laid on the tree, they bore into the trunk, then create a labyrinth of tunnels which
eventually kills the tree. Each infected tree produces enough weevils to infect at least
seven healthy new trees a year.
1.4 Insecticide Resistance
Development of pesticide resistance is an ongoing challenge of agricultural
production because of the large number of the species of insects and mites, which is
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approximately 600 species (Bass & Field, 2011). Using huge amount and for constant
time of chemical insecticides has created a selection pressure and favored resistance
development in many insect species worldwide. Insecticide resistance is a long
standing and expanding problem for pest arthropod control (Sparks & Nauen, 2015).
Insecticide resistance is one of the major obstacles to control agricultural pests. This
worldwide problem has been documented for over 500 arthropod species, particularly
among insects and mites (Criniti et al., 2008). Pest species in many agricultural
cropping systems, as well as their use to control disease vectors and urban pests, has
resulted in numerous cases of resistance over the past 30 years. Two main types of
mechanism are known to be responsible for resistance; one based on modification of
the pyrethroid target site and the other caused by enhanced metabolic detoxification
from elevated levels of esterases and cytochrome P450 monooxygenases (Nauen et al.,
2012).
Insecticide resistance is mainly associated with the increased activity of
detoxifying enzymes such as non-specific esterases (ESTs), cytochrome polysubstrate
P450 monooxygenases (PSMOs), and glutathione S-transferases (GSTs). In addition,
two target-site mutations (structural changes in the insecticide target proteins that
render them less sensitive to an insecticide (Bosch et al., 2018). Resistance arise
through two major mechanisms. The first mechanism consists of metabolic or
enzymatic resistance. In this case resistance is achieved through an increased
metabolic detoxification of the insecticide and/or by target site insensitivity. They
work by rapidly metabolizing and detoxifying the insecticide or by sequestration,
therefore preventing the insecticide from binding its target site. Second mechanism is
knockdown resistance or kdr mutations (Muthusamy & Shivakumar, 2015; Voudouris
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et al., 2011). Target site insensitivity and altered metabolism play important roles in
mosquito resistance to pyrethroids. Metabolic resistance is generally associated with
elevated levels of cytochrome P450 monooxygenases (P450s), carboxylesterases
(COEs), and glutathione-S- transferases (GSTs). The voltage-gated sodium channel is
the primary target of pyrethroid insecticides and DDT. The target site insensitivity,
known as knockdown resistance (kdr), is an important resistance mechanism (Lin et
al., 2013). Sine 1940s, which is more than 70 years the number of cases of insecticide
resistance, and the number of species and compounds involved has been continually
increasing (Figures 3 and 4). In the 1960s and 1970s, there were indications of
resistance to herbicides and fungicides (Figure 3). However, the cases of insecticide
resistance continue to far exceed the number of cases of herbicide and fungicide
resistance (Sparks & Nauen, 2015).

Figure 3: Insect resistance to insecticide, herbicide and fungicide.
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Figure 4: Insecticide resistance increasing over years

The first study on insecticide resistance in UAE was on house flies in 2014 (
Al-Deeb, 2014).
1.4.1 Glutathione S-transferases Detoxifying Enzymes in Insects
Insects have a biological defense mechanism to overcome the effects of
exogenous xenobiotics such as insecticides, which involve significant
enzymatic

cellular

protection like Glutathione transferase (GST) and cytochrome P450

(Bamidele et al., 2017; Tiwari et al., 2011; Papadopoulos et al., 2004).
Glutathione S-transferases (GSTs)

are endogenous antioxidant enzymes

(Kinnula et al., 1998). GSTs are a super family of resourceful enzymes that helps in
detoxification of endogenous and exogenous electrophilic compounds (Lee et al., 2008
; Yuan et al., 2013). It facilitate the metabolism of target compounds in,
organochlorines and cyclodienes pyrethroid insecticides (Kostaropoulos et al., 2001;
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Cheng et al., 2007; Zhou et al., 2015). In addition, they help to protect cells from
oxidative stress (Ranson et al., 2001). Interestingly, as some environmental
compounds induce excessive expression of GSTs, certain GSTs have been used as
biomarkers of environmental pollution (Shi et al., 2012). GSTs are a multifunctional
isoenzymes (Fang, 2012; Ranson et al., 2001). GSTs are phase II detoxication
enzymes (Mazari & Mannervik, 2016) which are soluble dimeric (Zhou et al., 2015).
GST enzymes are found in vertebrate and invertebrate organisms (Sonoda et al., 2006).
Cytosolic GSTs are important because, they represent a large pool of proteins with
good binding affinity for a variety of diverse endogenous and exogenous compounds.
1.4.2 GSTs Classes
GSTs are generally divided into the following three major categories:
cytosolic, microsomal, and mitochondrial GSTs. Until recently, only the first two
groups have been discovered in insects. Cytosolic GSTs are proteins that are typically
comprised of 200–250 amino acids and are active as either homodimers or
heterodimers. Based on sequence homology in the N-terminus, immunoreactivity,
substrate specificity and sensitivity to different inhibitors (Shi et al., 2012).
Mammalian GSTs are known to be divide into seven classes Alpha, Mu, Pi, Sigma,
Theta, Zeta, and Omega (Yamamoto et al., 2008) based on sequence similarity and
substrate specificity (Fang, 2012). However, cytosolic GSTs in insects have been
generally divided into at least six classes, (Delta, Epsilon, Omega, Sigma, theta, and
Zeta), which are found in dipteran insects. It was notable that 12 Delta-, two Sigma-,
eight Epsilon-, two Theta-, one Omega-, and one Zeta-class GSTs were found in
Anopheles gambiae, whereas 11 Delta-, one Sigma-, 10 Epsilon-, four theta-, four
Omega-, and two Zeta-class GSTs were detected in Drosophila melanogaster. There
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are different distributions of the cytosolic GST

classes among different insects

(Yamamoto et al., 2008) (Table 2) . Delta and Epsilon sub-classes are insect-specific
while the other four subclasses have a broader taxonomic distribution (Friedman,
2011). These two classes appear to be present in arthropods such as insects, crabs and
mites , whereas Alpha, Mu and Pi classes appear to exist in vertebrates such as
mammals and fish (Saisawang et al., 2012).
Table 2: The numbers of cytosolic GSTs in the insect genome

1.4.3 Metabolism Mechanism of GSTs Enzymes
GSTs catalyze reactions by providing electrons from sulfur atom of glutathione
for attacking electrophilic centers of toxic compounds including insecticides, plant
secondary metabolites and organic hydroperoxides. Electrophilic substrates can also
be of xenobiotic origin, such as carcinogens (Fournier et al., 1992). GSTs neutralize
the toxic effects of electrophilic substrates by counjugating reduced gluthione (GSH)
to these compounds producing less toxic, water soluble substrate, which are also
called glutathione conjugation reaction (Kostaropoulos et al., 1996; Mittapalli et al.,
2007; Saisawang et al., 2012).
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Levels of GST activity vary throughout the life stage of insects. It increases
during larval development, reaching its peak in the pupal stage and declining in adults
as they age. The levels of individual enzymes can ﬂuctuate widely during the lifespan
of an insect. Very high levels of GST activity have been reported in the fat body and
midguts of insects. (Enayati et al., 2005). Development stage and the nature of insect’s
recent environment make the detoxicative capacity amount vary among species.
Insect’s detoxication system are like those of more evolved animals. Enzymes
involved in detoxication activity are adaptive in nature, they are regulated. In insects
GST has been induced and becoming recognized for their importance in the metabolic
detoxication of insecticides. The high GST activity found in insecticide resistance in
insects was associated with increased level of specific mRNA (Fang, 2012).
1.4.4 Knockdown Resistance (kdr) Mutation
Pyrethroids constitute one of the most widely used classes of insecticides
worldwide. They are synthetic structural derivatives of natural pyrethrins present in
the pyrethrum extract of Chrysanthemum species (Du et al., 2009). They are broadspectrum pesticides and are used in the control of virtually all agriculturally and
medically important arthropod pests (Hu et al., 2011). However, the intensive use of
pyrethroids has led to many instances of pest resistance around the globe (Wilcox &
Hirshkowitz, 2015). Pyrethroids used for controlling arthropod pests and disease
vectors because of their fast acting, high insecticidal activities and low mammalian
toxicity (Rinkevich et al., 2013). Pyrethroids affects voltage-gated sodium channel of
insects (Li et al., 2015). Voltage-gated sodium channels are responsible for the
depolarization phase of action potentials in membranes of neurons and in all types of
excitable cells (Xu et al., 2011). An important resistance mechanism against
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pyrethroids and DDT, known as knockdown resistance (kdr), has been linked to a
single mutation in the para-type sodium channel gene in several insect species
(Verhaeghen et al., 2006). The kdr trait was first documented in the house fly and was
eventually mapped to a sodium channel locus in house flies where a single nucleotide
polymorphism resulted in a substitution of leucine for phenylalanine at position 1014
(L1014F). A second mutation of M918T in conjunction with L1014F (M918T+
L1014F) is the genotype that leads to higher levels of resistance to pyrethroids, those
called super-kdr phenotype (Wilcox & Hirshkowit, 2015; Rinkevich et al., 2012). Kdr
mutation has been identified in the domain II segment of voltage-gated sodium channel
(Figure 5) (Xu et al., 2006).

Figure 5: All known mutations in the house fly sodium channel
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Chapter 2: Methods
2.1 GST Activity Assay
Objective 1: Screening red palm weevil population for the activity of GST
detoxifying enzyme, which play a role in insecticide metabolic resistance.
2.1.1 Insect Collection
50 RPW were collected from date palm infested field from 2017 to 2018. Insects
were collected from different farms in Al Ain city. Samples were adults, larvae and
pupae. All samples have been collected in plastic container with open holes for fresh
air exchange.
2.1.2 Tissue Extraction
Tissues used for this study were the head and the muscle (thorax). Tissues (20
mg) were extracted and homogenized in 1 ml lysis buffer and 10 ul of protease
inhibitor cocktail in 1.5 ml microcentrifuge tubes using a plastic pestle. Then added
0.01 M phosphate buffered saline (Sigma Aldrich), pH 7.2 was added on ice.
Homologized tissues were filtered using 0.22 µm syringfilters (Jet Biofil). Protein
concentration was measured using the Bradford assay (Ampules, n.d.). Bovine Serum
Albumin (BSA) was used to obtain the standard curve.
2.1.3 Glutathione S-transferase (GST) assays
To measure GST specific activity, 1-chloro-2,4-dinitroben-zene (CDNB)
(Sigma Aldrich) was used as a substrate according to Habig et al., 1974. The
measurement of enzyme activity took place in cuvettes. The total reaction volume per
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well was 1000 µl, consisting of 50 µg of enzyme, 10 µl of 200 mM at 25°C CDNB
[containing 0.1% (vol:vol) ethanol)], and 940 of 10.35 mM GSH in phosphate buffer
(0.1 M; pH 7.2) (Bamidele et al., 2017). GST activity was determined by the change
in absorbance as measured continuously for 5 min at 340 nm using spectrophotometer.
Changes in absorbance per minute were converted into GST activity as micromoles of
CDNB conjugated per min per milligram of protein.
2.1.4 Total Protein Estimation
Total protein content in the enzyme preparations was estimated using Bovine
Serum Albumin (BSA) as stander (Coomassie plus Bradford assay kit (Thermo
scientific). For each sample, three replications were measured. Total protein volume
500 ul was mixed with 500 ul Coomassie Blue, followed by incubation at 25°C for 5
min and measuring OD value at 595 nm using a spectrophotometer.
2.2 Screening for the Presence of GST Detoxifying Enzyme Genes
Objective 2: Evaluating the gene expression of different classes of RPW
GST enzymes in the UAE.
2.2.1 RNA Extraction
Total RNA was extracted from 58 RPW using the Trizol Reagent. The
procedure was as follows; the tissue was homogenized in 1000 ul of Trizol, incubated
5min at room temperature, 200 µl chloroform was then added, and mixed by
vertexing. Then, the homogenate was incubated at room temperature for 2 min and
centrifuged at 12000 xg at 4°C for 15 min. An amount of 400 ul of the aqueous phase
was transferred to a fresh tube. 700 ul isopropanol was used for precipitation of RNA,
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mixed by inverting, incubated at room temperature 10 min, and centrifuged at 12000
xg at 4°C for 10 min. The supernatant was removed, and the pellet was washed with
1000 ul of 75% ethanol by gently flicking, and centrifuged at 7500 xg at 4°C 5 min
and the supernatant was removed again, and tubes were left to air dry for 20 min. The
RNA was dissolved in 100 µl H2O. The total RNA was quantified by NanoDropTM
Spectrophotometer and double-checked on a 1.5% agarose gel.
2.2.2 RT-PCR Amplification for GSTs Genes
Forty-one weevils from different fields of Al Ain farms were used for GSTs
gene (25 males and 16 females). RT-PCR reaction done by using OneStep RT-PCR
kit (Qiagen). Each reaction contained 5µl 5x QIAGEN OneStep RT-PCR Buffer, 1 µl
dNTP Mix (containing 10 mM of each dNTP), 1 µl forward primer (Table 3) (10 pmol)
(Table 3), 1µl reverse primer (10 pm), 1 µl QIAGEN OneStep RT-PCR Enzyme Mix,
3 µl template RNA and 13 µl nuclease free water. The PCR cycling conditions were
as follows: reverse transcription for 30 min at 50°C, initial PCR activation step for 15
min at 95°C, initial denaturation step for 1 min at 94°C followed by 40 cycles at 94°C
for 30 s, depending in the primers used as shown in Table 3 for 30 s, 72°C for 30 s,
and a final extension step of 72°C for 10 min. Table 3 shows GST enzyme primers
which have been used in the RT-PCR primers of GST genes in the silkworm (Yu et
al., 2008).
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Table 3: Primers and annealing temperature of GST genes in the silkworm
Gene

Forward primer (5'-3')

Reverse primer (5'-3')

GSTd1
GSTd2
GSTd3
GSTd4
GSTe1
GSTe2
GSTe3
GSTe4
GSTe5
GSTe6
GSTe7
GSTe8

CGGGCTATTCAAACCTATCTGG

TTCGTGGCTGCTGAAGTCGT

GACATCGGAACTTTGTACCAGAG

CCTTGAATGCCTCCAATCCT

CCATGGCAATAGATCTATACTTCAC

GGATCCTATTTACTCTGGTGAACTC

CGTATGGAAAGAACGATGC

TCGTAAGGTTTTAGAGCAATC

AGCACTGAACATTCCCAAC

TTCTCGCAAAGCAGGATACA

CTAAGGACTTGAAAATACGAGC

AATGTAGCCCACCATCTGTT

GATGGCGACCTGATTATTACTG

AATCGTCAAGTTATTGGTGGC

TTCCGACTATGGTGTTCATCCTGTA

TTGTATAATACCGGTTCAGCAGTGG

CTGATGACTCTCTCTACCCAAAC

AAGTAACGCAGCAAATGTCG

AGGAGATTTCTACCTCGCGGAT

ATAGTCGTTATTGCGCTTATGTCC

CACTTCAAAAGGTGCCAG

GGTTCATTTAGTTTGGCTTG

TGAAAGCTATTGCCTTACCCA

AAATCACCACCAGAAACACCA

2.2.3 Gel Electrophoretic Analysis
Products of RT-PCR were analyzed by agarose gel electrophoresis. All
products were loaded on 1.5% agarose gels and stained with ethidium bromide. A 100
bp ladder (Promega, Madison, USA) was used as a marker for determining the RTPCR product size. Loading was as follows: 10µl of RT-PCR product (cDNA) with 5
µl of blue/orange 6X loading dye (Promega, Madison, USA). Agarose gels were
examined under UV light.18 RT-PCR products with clear and single band in the 1.5%
gel were sent to Macrogen company for sequencing.
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2.3 Glutathione S-transferase (GSTs) Gene Expression
Objective 2: Evaluating the gene expression of different classes of red palm
weevil GST enzymes in the UAE.
2.3.1 De novo Assembly of the GST Gene Coding Sequence
The

short

reads

of

the

archived

transcriptome

(RNAseq)

of

the R. ferrugineus Sequence Read Archive (SRA) in the National Center for
Biotechnology Information (NCBI) was used. The following accession numbers were
included in the assembly: SRX3194181, SRX877682, SRX096977, SRX096974,
SRX096973, SRX096972, SRX096971, SRX096970, SRX096969, SRX096968,
SRX096967, SRX096966, SRX096965, and SRX096462. This work was done by
Khaled Hazzouri from Khalifa Center for Genetic Engineering and Biotechnology,
UAEU.
2.3.2 RNA Extraction
Total RNA was extracted from a pool of 5 samples of the RPW using a RNeasy
Mini kit for small tissues (less than 30 mg) according to the manufacturer’s
instructions. Total RNA was quantified by NanoDropTM.
2.3.3 cDNA Preparation
Primers

were

designed

using

Primer

BLAST

online

tool

(http://www.ncbi.nlm.nih.gov/tools/primer-blast). Primers were made by rules of
highest maximum efficiency and sensitivity and were based on the de novo assembly
of the GST cds of the red palm weevil (Table 4). cDNA was synthesized by GoTaq 2-
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Step RT-qPCR system kit (Promega). RNA up to 5 ug/reaction, 1 µl of random primer
0.025 µg/µl and nuclease free water up to 10 µl total volume were mixed with 4 µl 5X
reaction buffer, 2 µl MgCl2, 1 µl PCR nucleotide mix 10 mM, 1.5 µl nuclease free
water, 0.5 µl recombinant RNasin ribonuclease inhibitor and 1 µl GoScript reverse
transcriptase. The PCR cycling conditions were as follows: anneal at 25°C for 5 min,
extend for 42°C for 1 h, inactivate by 15 min at 70°C.
2.3.4 Quantitative Real-Time PCR (RT-qPCR)
1 µg/reaction of total cDNA from each sample was used as a template for the
RT-qPCR reaction. Each tissue from each sample with 6 primers (GST2, GST5, GST7,
GST10, GST15 and GST17) of GST genes was replicated three times (3 replicates)
and the measurement was done using SYBR Greenmix (GoTaq 2-Step RT-qPCR
system kit). The RT-qPCR condition were as follows: 95°C for 2 min to activate the
hot-start DNA polymerase, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min.
The last step was the dissociation from at 95°C. The mean of the three replicates was
calculated. Several candidates of housekeeping genes were tested with the subset of
RNA samples for expression stability (18S RNA, alpha tubulin and beta-actin). β-actin
showed stable expression and was used as the endogenous control in RT-qPCR. All
results were normalized to the β-actin amplification and calculated using ΔCt method.
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Table 4: GSTs primers designed for 2-step RT-qPCR

NAME OF
PRIMER

SEQUENCE

Class

eGST2F

CCTGGATCGCTGGGAAGAAA

Epsilon

eGST2R

CGACGTAGCAGGGCAGAC

GST5F

TTGAGTGCCGCTAGTTTCCT

GST5R

GCCAGCGTAAGCGAAGATGT

GST7F

GGAAAGGAGAACACAGAACAGA Theta

GST7R

ACTCGCAAAAGTTATCGGGA

GST10F

TAATCCGGGCCATACCGTG

GST10R

TTCTGGTCCACCATGTCCTTC

GST14F

TGACCATCGCGGACTTCAG

GST14R

CGCCGACTTGATTGGCTTG

GST15F

TCCAGCATGTAGAGCGGTTT

GST15R

CCATTTTCGTCCAAAGAAGGCA

GST17F

TGCTGATTGTTCCCTCATAGC

GST17R

CCAAACTCTTCCGCTCCTTG

Rferbetaactin_F

AAAGGTTCCGTTGCCCTGAA

Rferbetaactin_R

TGGCGTACAAGTCCTTCCTG

Sigma

Epsilon

Epsilon

Delta

Delta

housekeeping
gene
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2.4 Knockdown Resistance (kdr) Gene Detection
2.4.1 Kdr Resistance Gene Detection Using Primers for House fly, Musca
domestica Genes
Objective 3: Genotyping red palm weevil for the presence of mutations
conferring pyrethroid insecticide resistance.
2.4.1.1 Samples Collection
53 samples of the red palm weevil were collected from Al Ain farms in 2016. All
samples were frozen in plastic bags in -20°C.
2.4.1.2 DNA Extraction
DNA was extracted from fifty-three red palm weevils. Extraction was done by
a Chelex-based method. Muscle tissues from each adult red palm weevil was incubated
(55°C for 1 h), 99°C for 15 min, 37°C for 1 min, and 99°C for 15 min in 100 µl 5%
Chelex 100 prepared in 50 mMTris-HCl, pH 7, and containing 1 mg/ml proteinase K.
2.4.1.3 PCR Amplification
All the DNA samples from the 54 red palm weevils; 26 males and 28 females
were used for PCR amplification to detect kdr resistance genes. The PASA protocol
described by (Amdam et al., 2004) was followed. Briefly, it is an assay based on
(Williamson et al., 1996) which genotypes each RPW for the presence of the L1014F
amino acid replacement in the sodium channel’s S6 transmembrane segment of
domain II. Two outer allele-specific primers, kdr1, 5'-AAGGATCGCTTCAAGG-3'
and kdr4, 5'-TTCACCCAGTTCTTAAAACGAG-3', were used. Also, two inner
allele-specific

primers,

kdr2,

5'-TCGTGATCGGCAATT-3'

and

kdr3,

5'-

GTCAACTTACCACAAG-3', were used. PASA was performed in thin walled
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microcentrifuge tubes using 25 μL reaction-volumes. The following are the optimized
PCR conditions: 5 μL of genomic DNA (90 ng/μL) extracted from a single RPW, 10
pmol of each primer, 12.5 μL Taq PCR Master Mix (Qiagen, Germany), and 5.5 μL
nuclease free water. Amplification was initiated by 95°C for 2 minutes, followed by
40 cycles, 94°C for 45 seconds, 54°C for 30 seconds, 72°C for 90 seconds, and a final
extension step at 72°C for 10 minutes. Every PCR included a negative control (notemplate DNA) to make sure there was no contamination. The PCR amplified products
were resolved by electrophoresis using 1.5% agarose gels that were stained with
ethidium bromide and photographed under UV light (Al-Deeb, 2014). Two amplified
products, kdr and susceptible were sent to the Macrogen Company, South Korea, for
sequencing.
2.4.2 Kdr resistance gene detection using in the sodium channel of RPW
2.4.2.1 De novo Assembly of the Sodium Channel Gene Coding Sequence.

This step was similar to what was done in the de novo assembly of the GST
genes as explained previously.
2.4.2.2 Samples Collection
Twenty-four samples of RPW were collected from different farms in Al Ain
city from 2017 (12 males and 12 females).
2.4.2.3 Primer Design
Primers

were

designed

using

the

Primer

BLAST

online

tool

(http://www.ncbi.nlm.nih.gov/tools/primer-blast) (Table 5) . Primers were made by
rules of highest maximum efficiency and sensitivity and were based on the de novo

32
sodium channel gene assembly. Primers were prepared to cover the second domain
(domain II) of the sodium channel’s S6 transmembrane segment.
Table 5: Primers of sodium channel in RPW

kdr primer

kdr_930

Forward Primer Sequence

ATGGTGAGCACGCCAATAA

Reverse Primer Sequence

TGAAGCGTCCTATCCGGTC

kdr primer

kdr_910

Forward Primer Sequence

GAGAACAACCCAGAGGAGCCG

Reverse Primer Sequence

TTATGAAGCGTCCTATCCGGTC

kdr primer

kdr_908

Forward Primer Sequence

GAGAACAACCCAGAGGAGCC

Reverse Primer Sequence

ATGAAGCGTCCTATCCGGTC

2.4.2.4 RNA Extraction
Total RNA was extracted from muscle tissues of 24 weevils using Trizol
Reagent. The details were provided previously in section 2.2. Total RNA was
quantified by NanoDropTM Spectrophotometer and double-checked on 1.5% agarose
gel.
2.4.2.5 RT-PCR Amplification for Detection of kdr Mutations
RNA samples of 12 males and 12 females were amplified for kdr gene
mutations. To amplify kdr mutations OneStep RT-PCR kit from Qiagen was used. The
PCR reaction (25 µl volume) contained 5 µl 5 x QIAGEN OneStep RT-PCR Buffer, 1
µl dNTP Mix (containing 10 mM of each dNTP), 1 µl (10 pmol) forward primer, 1 µl
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(10pmol) reverse primer, 1 µl QIAGEN OneStep RT-PCR Enzyme Mix, 3 µl template
RNA and 13 µl nuclease free water. The PCR cycling conditions were as follows:
reverse transcription for 30 min at 50°C, initial PCR activation step for 15 min at 95°C,
initial denaturation step for 1 min at 94°C followed by 40 cycles at 94°C for 30 s,
56.8°C for 30 s, 72°C for 30 s, and a final extension step of 72°C for 10 min. Amplified
products of the RT-PCR were loaded in 1% agarose gel, stained with ethidium
bromide, and visualized under UV light.
2.4.2.6 Cleaning RT-PCR Amplified Products from Gel Bands (1% agarose gel)
RT-PCR amplified band at 908 bp were cut and eluted by MinElute gel
extraction kit (Qiagen) following the kit protocol. A total of 11 samples were sent to
the Macrogen Company, South Korea, for sequences.
2.4.2.7 Sequence Analysis and Processing
Sanger sequencing of PCR products was done by Macrogen, South Korea.
Sequences with good electropherograms were used in the analysis. Multiple sequences
(n=4) of the same gene fragment were aligned using multaline online tool
(http://multalin.toulouse.inra.fr/multalin/). Nucleotides with high similarity among the
four sequences were used as the sequence for finding the kdr mutation. Kdr mutations
were searched for comparing the UAE sequences obtained by this study and the
sequence provided by the de novo assembly sodium channel gene coding sequence.
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Chapter 3: Results
3.1 GST Specific Activity
3.1.1 GST in Different Tissues
GST specific activity was higher in brain than in muscle (Table 6) (Figure 6).
However according to t-test analysis there was no significant difference of GST
specific activity (n=11; p =0.6219,0.05 level).

Figure 6: GSTs specific activity in RPW muscles and brain (head) tissues. Bars
represent the mean of enzyme activity with ±SED. Same letter means no significant
different.
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Table 6: GSTs specific activity in RPW muscles and brain (head) tissues. Values are
the mean±SEM.

Specific activity of
GSTs (µmol/min/mg
protein)

Brain

Muscles

194.677 ± 99.396

173.357 ± 100.215

3.1.2 GST in Different Life Stages
GSTs specific activity in adults which were newly emerging from cocoon was
higher than the one in the eggs and larvae (Table 7) (Figure 7). Although it seems there
is a significant difference between adult and larva however according to t-test there
was no significant difference between means of GST specific activity (p =0.6219,0.05
level). The lowest activity was observed in larval stage. There was also no significant
different between larva and eggs (n=11; p =0.6219,0.05 level).

Figure 7: GSTs specific activity in RPW adult, larva, and egg stages. Bars represent
the mean of enzyme activity with ±SEM. Same letter means no significant different.
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Table 7: Mean ±SED of specific activity of GSTs enzyme (µmol/min/mg protein) in
adult, larva, and eggs stages of the red palm weevil.
Specific
activity
of
(umol/min/mg protein)
Eggs

131.830 ± 81.360

Larva

118.060 ± 49.119

Adult

206.412 ± 90.491

GSTs

3.1.3 GST in Males and Females
GST specific activity in the males was higher than one of the females.
However, according to the statistical analysis there was no significant difference
between male and female GST specific activity (n=19; p=0.53,0.05 level). As it
shown in Table 8 which provided the mean ±SEM of specific activity of GSTs
enzyme (umol/min/mg protein) and Figure 8 showed GST specific activity in male
and female of RPW.

Male_head

Female_head

Male_muscle

Female_muscle

Figure 8: GST specific activity in male and female of RPW. Bars represent the
mean±SEM. Same letter means no significant different.
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Table 8: Mean ±SEM of specific activity of GSTs enzyme (umol/min/mg protein) in
male and female of RPW.

Muscle

Brain

Male

232.448±128.810

223.656±118.075

Female

173.357±100.215

194.677±99.396

3.2 Glutathione S-transferase (GSTs) Gene Expression
3.2.1 De novo Assembly of the GST Coding Sequence of the Red Palm Weevil
The assembly resulted in finding 6 GST genes belonging to the Theta, Sigma,
Epsilon, and Delta classes (Table 9). GST2, GST10 are Epsilon, GST5 is Sigma, GST7
is Theta, GST15 and GST17 are Delta.
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Table 9: GSTs gene sequence for six genes of GST from Delta, Epsilon, Theta and
Sigma.
Name
GST2
Delta

GST5
Delta

GST7
Delta

GST10
Delta

GST15
Delta

GST17
Delta

Sequence
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3.2.2 Tissue-specific Expression of GSTs
GST genes of the classes Epsilon (GST2) and Delta (GST15) were expressed
highly in the four tissues fat, muscles, brain and gut. Gut had the highest ΔCt value.
However, muscles had the lowest gene expression of the GST genes. Data in Table
10 are represented as delta Ct values.
Table 10: Six GST genes from different classes in four different tissues
GST2
Fat

GST5

GST7

GST10

GST15

GST17

10.115

7.083

6.590

8.300

9.900

8.300

Brain

9.54

6.58

6.93

3.60

9.11

8.82

Muscle

8.17

6.77

6.30

2.60

8.48

8.74

11.46

8.65

10.92

9.15

11.65

11.41

Gut
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In fat tissue GST2 (Epsilon) and GST15 expressed higher than GST5, GST7,
GST10 and GST17 using one-way ANOVA shown a significant difference between
different GSTs in fat tissue (n=5; F=490.88, p <.0001; 0.05 level). As shown in Table
10 and Figure 9.

Figure 9: GST genes from different expressed in Fat. Same letter no significant
difference, different letter significant difference.
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In muscle tissues GST2 (Epsilon), GST15 and GST 17 (Delta) were highly
expressed than GST5 (Sigma), GST7 (Theta) and GST10 (Epsilon) as shown in Table
10 and Figure 10. Statistical analysis shown a significant difference between different
GSTs (n=5; F=150.6, p<0.0001; 0.05 level).

Figure 10: GST genes from different classes expressed in Muscles. Same letter no
significant difference, different letter significant difference.
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In brain tissues, GST2 (Epsilon), GST15 and GST17 (Delta) were highly
expressed than GST5 (Sigma), GST7 (Theta) and GST10 (Epsilon) as shown in Table
10 and Figure 11. Statistical analysis shown a significant difference between different
GSTs (n=5; F=1096.28, p <.0001; 0.05 level).

Figure 11: GST genes from different classes expressed in Brain. Same letter no
significant difference, different letter significant difference.
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In gut tissues GST2 (Epsilon), GST15 and GST17 (Delta) were highly
expressed than GST5 (Sigma), GST7 (Theta) and GST10 (Epsilon) as shown in Table
10 and Figure 12. Statistical analysis shown a significant difference between different
GSTs (n=5; F=2244, p is <0.05).

Figure 12: GST genes from different classes expressed in Gut. Same letter no
significant difference, different letter significant difference.
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3.3 Kdr resistance gene detection using in the sodium channel of RPW
3.3.1 De novo Assembly of the Sodium Channel Gene Coding Sequence of the Red
Palm Weevil
The assembly provided the sequence of the sodium channel gene of the red
palm weevil (Figure 13) and the amino acid sequence of its protein (Figure 14).

Figure 13: Sodium channel nucleotide sequence of RPW
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Figure 14: Sodium channel amino acid sequence of RPW
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3.3.2 Knockdown resistance (kdr) gene mutation detection
Twenty-four samples were tested in PCR and only eleven samples had good
bands. After DNA sequencing only four samples gave good sequences based on the
comparisons with GenBank database. All 4 Red palm weevil had susceptible allele to
pyrethroid insecticide in 8 voltage-gated sodium channel genes M918T,

L925I,

T929I, L932F, I936V, S989P, I1011M, L1014F (kdr) (Figure 15, Figure 16, Figure
17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22, Figure 23) . For aliment
between the sequences of four RPW and UAE RPW first sequence was framed at the
mutation amino acid.
Mutation 1: M918T

Figure 15: DNA sequence of the voltage-gated sodium channel gene fragment
(Methionine 918). The red rectangle shows the amino acid of wildtype susceptible
allele (Methionine) at position 918 for 4 samples.
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Mutation 2: L925I

Figure 16: DNA sequence of voltage-gated sodium channel gene fragment (Leucine
925). The red rectangle shows the amino acid of wildtype susceptible allele
(Leucine) at position 925 for 4 samples.

Mutation 3: T929I

Figure 17: DNA sequence of voltage-gated sodium channel gene fragment
(Threonine 929). The red rectangle shows the amino acid of wildtype susceptible
allele (Threonine) at position 932 for 4 samples.
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Mutation 4: L932F

Figure 18: DNA sequence of voltage-gated sodium channel gene fragment (Leucine
932). The red rectangle shows the amino acid of wildtype susceptible allele
(Leucine) at position 932 for 4 samples.

Mutation 5: I936V

Figure 19: DNA sequence of voltage-gated sodium channel gene fragment
(Isoleucine 936). The red rectangle shows the amino acid of wildtype susceptible
allele (Isoleucine) at position 936 for 4 samples.
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Mutation 6: S989P

Figure 20: DNA sequence of voltage-gated sodium channel gene fragment (Serine
989). The red rectangle shows the amino acid of wildtype susceptible allele (Serine)
at position 989 for 4 samples.

Mutation 7: I1011M

Figure 21: DNA sequence of voltage-gated sodium channel gene fragment
(Isoleucine 1011). The red rectangle shows the amino acid of wildtype susceptible
allele (Isoleucine) at position 1011 for 4 samples.
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Mutation 8: L1014F

Figure 22: DNA sequence of voltage-gated sodium channel gene fragment (Leucine
1014). The red rectangle shows the amino acid of wildtype susceptible allele
(Leucine) at position 1014 for 4 samples.

Mutation 9: V1016G

Figure 23: DNA sequence of voltage-gated sodium channel gene fragment. (Valine
1016). The red rectangle shows the amino acid of wildtype susceptible allele (Valine)
at position 1016 for 4 samples.
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Chapter 4: Discussion
4.1 GSTs specific Activity in RPW
Enzyme activity is affected by many factors such as genetics-species, gender,
age, nutritional status, health condition and previous or current exposures to any
exogenous substances. In this research, GST specific activity was examined under
different parameters in the RPW in the UAE. First parameter was tissue type because
it was reported that qualitative and quantitative changes in proteins and enzymes were
observed in silk moths, where there is a stage and tissue specificity (Calderazzo, 1983).
The results of this RPW study showed a difference in the GST specific activity
between the brain (head) and muscle (thorax) tissues as shown in Figure 6. However,
this difference was not significant.
GST activities were found in all body regions of the adult, but >50% of the
activity was localized in the abdomen according to Hazelton & Lang, 1983. If GST
activity was high in the brain than the muscle, then brain is an important tissue in
detoxification against toxic components. Most insecticides target the nervous systems
in insects and thus, it is an advantage for them to have high GST activity in this tissue.
Therefore, such high detoxification rates in tissues of the nervous system may increase
the survival and fitness of insects in the environment.
The second parameter for testing GST specific activity was studying the
effect of life stages. In general, GST activity levels varied among different growth
stages and the specific activity was high in the newly emerging adults of RPW. It was
reported that in Aedes aegypti (Hazelton and Lang 1983) and Tenebrio molitor
(Kostaropoulus et al., 1996), GST activity was greatest in the early pupal stage.
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However, GST activity was highest in newly emerging Lucilia cuprina (Wiedemann)
adults (Kotze and Rose, 1987). The results of this study are like what was found in
the Lucilia cuprina (Wiedemann) adults (Kotze and Rose 1987). The higher GST
activity in this study in RPW could be associated with high expression of metabolic
pathways for example, detoxification of toxic substances like insecticides (Tiwari et
al., 2011). Mobile adults can react or contact with exogenous toxic compounds, which
leads to high expression of metabolic enzyme.
The third parameter was studying the effect of insect gender on the GST specific
activity. In this study, there was no significant difference in the GST activity in the
male and female RPW. Thus, this result is in agreement with other studies in which
there was no sex difference, for the specific activities (Hazelton and Lang, 1983).
4.2 De novo GST Coding Sequence Gene (cds) Assembly
This study provided six GST coding sequence of genes from the Epsilon, Delta,
Theta, and Sigma classes. These gene sequences will be submitted to the GenBank
database and become available for researchers. This will significantly enhance the
knowledge and research capacity about the role of the GST genes in detoxifying
xenobiotics in the red palm weevil. Such information is highly essential and urgently
demanded by researches because the genome of the red palm weevil is not available
so far.
4.3 Tissue-specific Expression of GST Enzymes
Quantitative analysis of the RPW GST transcripts in adult tissues including
muscle, fat, brain and gut suggested that their mRNA abundance to be tissue-specific
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in expression (Mittapalli et al., 2007). All GST genes were expressed in all tissues with
different levels. GST enzyme is very important phase॥ metabolic isoenzyme (Pavlidi
et al., 2015). The results of this study showed high expression of GST2 and GST15 of
the epsilon and delta GST classes, respectively. Delta and epsilon classes are known
to play a major role in the detoxification system and they are unique to insect species
(Fang, 2012; Enayati et al., 2005). Since these two GST enzymes were highly
expressed, they may give an idea that these RPWs were exposed to toxic compounds
like insecticides in the field. This is very likely because these RPW samples were
collected from the field. The gut tissue expressed the highest GSTs. The midgut is a
digestive tissue and it is thought to produce and secrete most of the digestive
enzymes and components of the peritrophic matrix and is thus the first site of digestion
(Tittiger et al., 2005).
4.4 De novo Sodium Channel Coding Sequence(cds) Gene Assembly
This study provided the nucleotide and the amino acid sequences of the sodium
channel coding sequence gene of the RPW. This information was not available earlier.
The sequences will be submitted to NCBI GenBank. Moreover, the study provided a
primer pair for amplifying the sodium channel gene segment that includes nine
mutations causing resistance to pyrethroid insecticide especially the kdr and super-kdr
mutations that have been found in many insect pests. Consequently, now this study
provided a screening system for sodium channel mutations in the red palm weevil.
Researchers can easily screen any number of weevils for the presence of these
mutations. This will improve the control efforts of the red palm weevil and monitor
for the development of pyrethroid insecticide resistance.
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4.5 kdr Gene Mutations
One of the insecticide resistance mechanisms arise through target site
insensitivity, which is basically a mutation occurring in a specific position in the DNA
of the insect. An important resistance mechanism against pyrethroids and DDT
insecticides is known as knockdown resistance (kdr), has been linked to a single
mutation in the para-type sodium channel gene in several insect species (Verhaeghen
et al., 2006). In the UAE, some insects were documented to have kdr mutation resistant
trait like the house fly and was eventually mapped to a sodium channel locus in house
flies (Al-Deeb, 2014) where a single nucleotide polymorphism resulted in a
substitution of leucine for phenylalanine at position 1014 (L1014F). A second
mutation of M918T in conjunction with L1014F (M918T+ L1014F) is the genotype
that leads to higher levels of resistance to pyrethroids, the so called super-kdr
phenotype (Wilcox & Hirshkowitz, 2015).
In this study, the RPW samples from the UAE had no kdr or super kdr
mutations, which means they may be susceptible to the pyrethroid insecticides. If the
majority of insects are susceptible or has no mutation in domain two of sodium gate
channel in the field, then it will be easy for the date palm growers to kill or destroy
them using less insecticides, which leads to less environmental pollution. Pesticides
had been an essential part of agriculture to protect crops and livestock from pest
infestations and yield reduction for many decades. In the last five decades, pesticide
usages increased the quantity and improved the quality of food. However, increasing
amounts of their usage concern about their adverse effects on other organisms,
including human beings, has also increased (Özkara et al., 2016).
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Chapter 5: Conclusion
In conclusion, this study provided specific knowledge about four classes of the
GST detoxifying enzymes in the RPW for the first time. Based on this study, GST
enzymes were found in all the tested tissues, males and females, and life stage of the
red palm weevil. Different tissues and different development stages affected the
enzyme activity. Gene expression amplified the different classes of GSTs, which were
also expressed differently in the tested tissues. Gut tissues had the highest GST gene
level. According to this study, sodium channel mutations conferring pyrethroid
insecticide resistance were not found in the tested weevils. However, it should be
mentioned that much more weevils need to be screened in future studies. Nonetheless,
the current study provided the screening tool for this purpose by publishing the primer
pair, which is needed for this purpose. In this study, there were some challenges such
as the limited number of samples and the limited budget. In short, this study can serve
as a foundation on which more work will be done in order to achieve better
understanding of the GST genes in the RPW and moreover, to conduct better screening
and monitoring for the development of the resistance against pyrethroid insecticides.
Further studies are needed to evaluate the induction of GST and the presence of
mutations conferring pyrethroid insecticide resistance in the sodium channel of the
RPW not only in Al Ain area, but also in the other parts of the UAE that are infested
by the RPW.
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